The relationships between mineralogical and geochemical data on the three successive sedimentary facies at Deep Sea Drilling Project Site 464 are studied. The evolution of siliceous biogenic sediments is derived from the analyses of one Fe-Ti smectite concretion, and of siliceous aggregates occurring in the pelagic "brown clays." Along the sedimentary section, the trace elements enriching the authigenic silicates and the Fe-Mn oxyhydroxides vary, depending on the marine environment. The proportion of clays and carbonates into the siliceous deposits controls the diagenetic evolution of silica making up the quartz aggregates from the "brown clay" or the cristobalite cherts.
INTRODUCTION
Site 464 is on the northern flank of Hess Rise, northwest Pacific, in a water depth of 4637 meters (Fig. 1 ). According to shipboard lithological studies, the composite sequence overlying the basement comprises three main units (Fig. 2) . From bottom to top, the lowest unit (Unit 3, 219-m thick) contains cherts, limestones, and chalk of Albian to Cenomanian age. Unit 2 (53-m thick), of soft brown clays and pelagic oozes, is of Early Cretaceous to late Miocene age, according to Doyle and Riedel (this volume) . The youngest unit (Units 1A and IB, 33 m) consists of clays, siliceous biogenic muds, and oozes of late Miocene to Pleistocene age.
SEDIMENTOLOGY AND MINERALOGY

METHODS
The sediment lithology was defined on the basis of smear-slide observations ( Fig. 3 and Table 1 ).
The mineralogical composition of the sediments was determined by X-ray-diffraction techniques. The X-ray-diffraction charts from non-oriented powders were obtained using bulk material or coarse fraction, under the following conditions: CuKα radiation, Ni filter, 98 kV/18 mA, 0.1 to 1° slits, l<Vmin speed. The identification of clay minerals in the < 2-µm fractions was made on three types of oriented aggregates: untreated, ethylene-glycol-treated, and heated, according to the methods of the Institut de Géologie in Strasbourg (Mise au point collective, 1975) .
Some clay fractions were also studied by micro-diffraction on isolated particles, by transmission electron microscope (TEM: Phillips EM 300), using the method of Trauth et al. (1977) .
RESULTS
Descriptive data are given in Table 1 . The composition of these lithologic units is as follows: clayey radiolarian ooze. The prevalent minerals are calcite and amorphous silica or opal from pelagic biogenic components such as coccoliths, discoasters, foraminifers, radiolarians, and diatoms. Quartz, feldspars, and volcaniclastic fragments occur. Clays, as illite and smectites, usually form small aggregates within and around the siliceous organisms. Small amounts of zeolites and barite occur at the bottom of the sedimentary sequence, whereas the siliceous organisms are poorly preserved and more dissolved. In these deposits, a lightyellowish-brown (2.5Y 6/4) concretion was found, the shape and surface of which are irregular (Fig. 4) . Its concentric and colloform structure is similar to that of metalliferous nodules described by Sorem and Fewkes (1977) . The mineralogical analyses establish that it is made of smectites with some quartz. Very scarce manganiferous oxides as small patches between the successive clay layers are observable. Detailed geochemical and microprobe studies were made on this clayey concretion.
Unit IB: 19.0-36.5 meters (Samples 464-3-5, 5-6 cm; 464-5-3, 4-6 cm; and 464-5-3, 140-142 cm)
Unit IB comprises in the upper part a muddy siliceous ooze, a gradual transition from Unit IA, and in the lower part siliceous clays. Similar to the sediments of the lower section of Unit IA, Unit IB muds are made of amorphous silica (biogenic opal), quartz, trace amounts of plagiocase, barite, and phillipsite. The clay-minerals content increases and comprises illite, smectites, scarce kaolinite, and mixed-layer clays. Toward the bottom of this sequence, ferromanganese oxides and micronodules become more abundant and volcanic glasses occur. On the X-ray charts from slides of untreated and oriented clay fractions, the main peak of smectites is at 13 to 14A. The SEM study shows that the smectites are strongly coupled to abundant siliceous-organism fragments, particularly diatoms. The smectite particles are "ringlet"-shaped and exhibit irregular outlines. They are related to authigenic clay minerals described by Hoffert (1980) in Panama Basin. Unit II belongs to the "red clays" or pelagic "brown clay" facies. The sediment is made up of 95% clays, 5°7o Fe-Mn oxyhydroxides, with trace amounts of radiolarians, coccoliths, volcaniclastic particles, and glasses. Microcline, quartz, and phillipsite were also identified by X-ray-diffraction analysis on non-oriented powders of bulk sediment. The two available and analyzed samples are located at the upper part of the unit (first sample), and at the bottom, near the limit with underlying Unit 3 (second sample). Similar in bulk mineralogical composition, the two samples differ from each other by their age (Plio-Miocene and Cretaceous, respectively), and also by the composition and nature of coarse (<63-µm) and clay (<2-µm) fractions.
The SEM and TEM investigations were made on the bulk sediment, on the coarse and clay fractions.
Upper Deposits of Unit II
The upper part of the sequence contains phillipsite, which occurs on sponge spicules and appears to be related to this particular restricted environment (Plate 1, Figs. 1 and 2). In the clayey matrix of the sediment, manganiferous micronodules are observed, growing into cavities or pores, probably from residual dissolved siliceous organisms (Plate 1, Figs. 3 and 4) . Smectites prevail in the clay o fraction; on X-ray charts, they have a main peak at 15Å. Very scarce palygorskite is associated. In TEM photomicrographs, the smectite particles show very diffuse and fibrous outlines, as laths (Plate 1, Figs. 5 and 6), and differ from those of overlying Unit II. They are similar to those formed from dissolved radiolarian silica, described by Hoffert (1980) .
Lower Part of Unit II
The coarse fraction of the Cretaceous brown clay comprises numerous white slabs, microconcretions, aggregates, and particles. These fragments are made of quartz with low contents of cristobalite (opal-CT). SEM observations show that these microconcretions are silicified coccoliths (Plate 2, Fig. 1 ) or radiolarian, with some zeolite crystals among the siliceous "lepispheres" (Plate 2, Figs. 2, 3, 4) . The zeolite occurrence was defined by spectrochemical micro-diffraction (Tracor system). The clay fraction of Cretaceous brown sediments contains prevalent smectites (15 Å), scarce palygor- In summary, the mineralogical variations of the sedimentary sequence at Site 464 illustrate a gradual transition from essentially siliceous biogenic oozes to the brown clay facies, which lies on cherts. Successive and different mineral assemblages correspond to each unit of the sequence, with a progressive change of the proportion of the calcareous or siliceous biogenic phases, and of the detrital or authigenic minerals (Fig. 3) .
From top to bottom in Unit I, the calcareous biogenic phases decrease when the siliceous organisms increase. In the lower part of this lithologic unit, siliceous organisms are poorly preserved and dissolved, and the content of biogenic phases decreases, with a correlative increase in clay content. The pelagic biogenic oozes range downward to clayey sediments. On top (Unit IA), the clay fraction essentially is composed of detrital minerals, and the scarce authigenic minerals comprise barite, related to the dissolution of organisms, and zeolite. Clayey and quartz nodules occur in the soft deposits. At the base (IB), clays are prevalent and are essentially authigenic "ringlet"-shaped smectites; metalliferous oxyhydroxides appear.
The pelagic clays of Unit II are characterized by the abundance of authigenic smectites, with fibrous outlines, and by the occurrence of palygorskite. Siliceous microconcretions, as quartz and opal-CT, occur in the lower part of the soft sediments overlying the cherts.
GEOCHEMISTRY METHODS
The geochemical data refer to the same set of studied samples. Major-and trace-element analyses were performed following the method described by Besnus and Lucas (1968) and Besnus and Rouault (1973) , using arc spectrometry and an ARL quantometer. The method consists of melting the sample in a mixture of lithium tetraborate and introducing the melt into a glycolated solvent. Trace elements were determined using graphite disks, as described by Besnus and Lucas (1968) . Na and K were determined by emission spectrometry. Relative precision is ±2% for major elements, and ±20% for trace elements.
Results
Bulk-chemistry data are presented in Tables 2 and 3 for major and trace elements. The prevalent-component variations along the sequence are shown in Figure 5 .
The variation of the major elements and of the trace elements supplement the mineralogical data and define the evolution of the sedimentary components. Selective microprobe investigations detailed the chemical relationships between some mineral phases. The variation of major elements reflects the mineralogical composition, its fluctuations and evolution. In Unit I, occurrence of calcareous nannofossils is shown by Ca contents, that of siliceous organisms by correspondingly higher SiO 2 contents and Si/Al ratios. The gradational and simultaneous increases of Al, Fe, Ti and Mg contents correspond to those of clay phases in sediments of Unit I (Figs. 5 and 6); the presence of authigenic minerals such as barite, zeolite and oxyhydroxides is indicated by the Ba, K, and Mn contents.
From top to bottom, the deposits of Unit II are differentiated by several chemical criteria (Figs. 5 and 6 ). In the upper part, the proportionally higher Ti, Fe, and K contents are related to the occurrence of volcaniclastic particles and more-abundant zeolites. These variations are also related to the clay fraction of the sediment, which could contain more Fe and Ti than that of overlying Unit I. In the lower part, the occurrence of quartz aggregates and concretions, metalliferous oxyhydroxides, and micronodules induce, respectively, the increas- ing Si, Mn, and Fe contents, relative to Al and Ti (in clays).
Clayey Nodule from Unit 1
Structural Formula
The clayey concretion found in the Unit I deposits was also analyzed. The structural formula of the smectite forming this nodule is established using Millofs calculation (1949). The 9.4% silica excess (assuming that no tetrahedral Al substitution exists in the clay) corresponds to the authigenic quartz micro-crystals interlayered between the successive clay laminae. The influence of volcaniclastic particles and feldspar fragments from the core (or nucleus) of the nodule, was considered negligible in the calculated composition of the smectite. The formula is as follows:
Inter layered cations: (Ca 0 0gNa0.049K0.19)
The excess of octahedral cations appears to be due to the presence of Mg in the interlayer position. This formula is characteristic of the iron-rich beidellites and nontronites.
Microscopic Investigations
Microscopic and spectrochemical analyses were performed on the polished section of the concretion, by X-ray-dispersive energy spectroscopy (SEM Cameca 07 and Tracor system). Maps of the distribution of the prevalent elements (Si, Al, Ca, Fe, Ti, and K) selected in a zone of the sample are given in Plate 3. These data show the chemical composition of the concretion, and particularly of iron smectite. The successive clayey laminae are characterized by variable Fe/Ti ratios (Plate 3, areas a and b). However, the prevalent smectite is rich in iron and titanium (a). The microprobe analyses confirm also the occurrence of (1) several zones of quartz micro-crystals, essentially located between the nodule core and the first clay lamina (d), (2) small spots of Fe-Ti oxides in the clayey matrix of the nodule core (e), (3) fragments of Ca feldspars in the nodule core (/), and (4) small amounts of a potassium-rich silicate, as zeolite (c), and small concentrations of Ca as residual nannofossils (g), interlayered with the successive clay deposits.
The outermost clay deposits contains small patches of manganiferous oxides which do not concentrate any iron, but are potassium-and copper-rich.
Therefore, the clays forming the indurated nodule have a different chemical composition than those of the surrounding soft sediments. The clay minerals of the siliceous ooze (Unit I A) are a mixture of detrital clays, as illite, scarce kaolinite and chlorite, and authigenic smectites which are formed on and as replacement of siliceous organisms. The chemical composition of this clay assemblage from the soft sediments appears homogeneous and constant through the sequence, and is characterized by a strong correlation of Al, Fe, and Ti con- tents (Fig. 6) , whereas the authigenic smectites of the nodule are richer in iron and titanium, with correspondingly less aluminum. The trace-element analyses also bring out the difference between the two types of clay assemblages.
Variations of Trace-Element Contents: Characterization of the Authigenic Components
The relationships between the trace elements and associated major elements indicates the differences and evolution of the biogenic components, the detrital or primary minerals, and the authigenic phases.
Strontium and Barium Contents
In the upper radiolarian-nannofossil ooze (IA), the Sr-bearing biogenic carbonates, and Ba-bearing siliceous organisms supply the trace elements which are found thereafter with the authigenic minerals, such as clays and zeolites for Sr and barite for Ba. The occurrence of these elements in biogenic components of pelagic sediments is often cited (El Wakeel and Riley, 1961; Brongersma-Sanders, 1967; Turekian, 1968; Chow and Goldberg, 1970) ; their release from dissolved biogenic phases and precipitation with secondary minerals has been suggested by Hoffert et al. (1978) and . The occurrence of barite and its formation under volcanic influences and (or) in sediments rich in organic material is cited by Goldberg et al. (1969) , Boström et al. (1973) , Cronan (1974) , and Dean and Schreiber (1978) . In Site 464 pelagic oozes, the occurrence of barite, and small amounts of zeolites, appears to be a result of a diagenetic evolution under a slight volcanic influence.
The main geochemical characteristic of the brown clay (Unit II) consists in the very low barium content, in the bulk soft sediment and the siliceous slabs or concretions. The cherts from Unit III have the same peculiarity
LITHO LOGIC UNITS
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2-3,1-3 cm -. Tables 2 and 3) . as the coarse siliceous slabs of Unit II: they do not contain any barium. In the soft deposits, the silica released from the dissolved siliceous organisms precipitates and forms quartz-rich concretions, or transforms by epigenesis of calcareous nannofossils (Plate 2, Fig. 1 ). This secondary silica does not concentrate barium, which is not retained as barite as it is the case in the clayey siliceous ooze (Unit I). The cherts appear to result from the same diagenetic process which is indicated by the Srisotope investigations.
Nickel, Copper and Other Trace Elements
In the clayey siliceous deposits (Unit IB), the wellknown trace-element assemblage related to clay minerals (B, Ga, Pb, and V) cannot easily be discriminated from that of metalliferous oxyhydroxides (Ni, Co, Cu, and Pb), because of the simultaneously increasing amounts of both phases. Thereby, the relationships of trace elements with detrital clays, authigenic smectite, and oxyhydroxides from the soft sediments were not established. However, bulk and microprobe analyses on the clayey nodule (Unit IA) show that the authigenic Fe-Ti beidellites are poor in boron and gallium, preferentially concentrate high contents of Ni, and contain Co, Pb, and Zn. The scarce Mn-oxides between clay laminae are rich in copper only.
In the second sedimentary unit, trace elements are distributed among clay minerals (Ga, Pb, V), volcaniclastic particles (V, Cr), micronodules, and ferromanganese oxides (Ni, Cu). Those oxides from the lower part of the section seem to contain less copper than those of the overlying unit.
Competition between primary minerals, authigenic silicates, and metalliferous oxides to trap the trace elements is confirmed. Particularly, the nickel is trapped in authigenic Fe-smectite when the manganese oxides are scarce, whereas the copper is located in both phases. A volcanic influence probably promoted the formation of such Fe-Ti-and Ni-rich smectites, and their concretionary-nodule structure.
Isotope Analyses: Indications of the Diagenetic Evolution of the Siliceous Horizons METHODS
Rb-and Sr-isotope analyses were carried out the siliceous slabs from the bottom of the brown clay, the cherts, and associated limestones (Table 3 ). The Sr concentrations and isotopic composition on the one hand, and the Rb concentration on the other hand, were measured on mass spectrometers with 30-and 15-cm radii respectively, and corresponding 60 and 90° deviation angles. The blanks of the complete chemical procedure lie at about 4 ng/g Rb and 20 ng/g Sr for a 1-g theoretical sample dissolution. Clauer (1976) .
Results
Isotopic ages are calculated assuming that the initial strontium trapped in the siliceous and calcareous material had the same isotopic composition as the sea-water Sr contemporaneous with the sediments: 0.70743 ± 0.00042 for Albian samples (Dasch and Biscaye, 1971) , and 0.70759 ±0.00027 for Late Cretaceous samples (Peterman et al., 1970) . For the Cenomanian, no values are available; therefore, we used the Albian value. The isotopic ages are systematically older than biostratigraphic data (Table 4) . This discrepancy can be explained by an alteration of minerals, as well as by exchanges with the interstitial environment, which could Table 4 . Rb/Sr isotopic data on siliceous, calcareous, and bulk material from the "red clays" and cherts from Site 464. be enriched in 87 Sr, as was already observed on the case of interstitial waters from "red clays" (Clauer et al., 1975) . The initial Sr amounts of siliceous material are very low, (1.4-7 ng/g), smaller than those of present day sea water. A slight "contamination" from the surrounding environment therefore can explain the discrepancies in the ages. Thus, the siliceous compounds evolved by diagenesis in an open system since the dissolution of the biogenic silica, until chert and aggregate formation by recrystallization. On the other hand, the calcite associated with cherts shows 87 Sr/ 86 Sr ratios close those of the contemporaneous of deposits sea water, respectively + 22 × 10 ~5 for the Albian sample and +10 × 10-5 for the Cenomanian sample (Table 4 ). The calcite certainly has also evolved in an open system during the chert formation, but "contamination" is negligible because of the high initial Sr contents (>500 These results confirm those from a previous study on siliceous rocks from central Pacific deposits (Karpoff, 1977) . They also emphasize the difficulties encountered when dating siliceous material, considered by Brueckner and Snyder (1979) , whereas the 87 Sr/ 86 Sr ratios of the little-transformed calcareous residual inclusions in cherts can be used for dating these formations.
DISCUSSION: INFLUENCE OF THE SEDIMENTATION ENVIRONMENT ON SILICATES AND SILICA AUTHIGENESIS
Authigenic Clays
Analytical data indicate that several types of clay authigenesis are represented in the sedimentary column. Nevertheless, results were not sufficient to point to the causes of the segregation and differentiation of authigenic smectites forming concretions in a siliceous ooze, which also contains another clay-mineral assemblage. However, the ferroan and titaniferous nature of the nodule smectites is similar to that of authigenic smectites formed in a submarine environment with strong volcanic influences, particularly where nontronites and Fe-Mn crusts are found, Sites 430 and 431 ( Fig. 1) . Therefore, a local volcanic influence seems to have acted upon Pliocene clayey-siliceous oozes, and helped the formation of Fe-Ti-smectites distinct from those resulting from the dissolution of organisms. This volcanic influence was certainly very slight; it favored zeolite and barite formation, and did not end with Fe-Mn-oxide precipitation.
In the brown clay, smectites are essentially authigenic and result from the dissolution of siliceous organisms. Glasses and volcaniclastic particles are the only traces of a volcanogenic contribution, which helps however the formation of Fe-Mn oxides and micronodules, and small amounts of zeolites. Palygorskite-type particles form the clay fraction, related to the hypersilicic nature of the deposits and the presence of quartz aggregates. Authigenic palygorskite in siliceous sediments is frequently encountered in alkaline environments (Isphoding, 1973; Donnely and Merrill, 1977) . These clays have also been ascribed to weathering of volcanic material or transformation of smectites (Hathaway and Sachs, 1965; Bonatti and Joenssu, 1968; Lancelot, 1973; Couture, 1977) . Small amounts of palygorskite encountered in brown oozes from Site 464 result from the hypersilicic environment. This authigenesis follows those which are related to the dissolution of organisms.
Silica Authigenesis
Cristobalite from bentonites, shales, and cherts is often ascribed to authigenesis related to dissolution of biogenic opal, volcanic glass, and sometimes quartz (Peterson and von der Borch, 1965; Wise et al., 1972; Wise and Weaver, 1974; Klasik, 1975; Wilding et al., 1977) . Cristobalite is sometimes described as the precursor of quartz in the SiO 2 evolutionary maturation sequence which starts with biogenic opal or amorphous silica (Ernst and Calvert, 1969; Mitzutani, 1970) . The possibility of a mixed volcanogenic-biogenic origin of the cherts has been suspected (Gibson and Towe, 1971; Castellarini and Sartori, 1978) . Kastner et al. (1977) established the following diagenetic succession: siliceous ooze (opal-A) -• porcellanite (opal-CT) -chert (chalcedony, cryptocrystalline quartz). These authors reviewed the common hypotheses for silica diagenesis. According to Wiley (1978) , the ratio between clays and biogenic-silica amounts affects silica dissolution. Similarly, von Rad (1979) , after discussing authigenic and diagenetic processes of SiO 2 evolution through time, suggests that opal-CT formation is faster in carbonate than clayey sediments, and that the clayey environment slows the transformation of opal-CT into quartz. Greenwood (1973 ), Lancelot (1973 ), and Kastner et al., (1977 show that cherts are cristobalite in clayey horizons, whereas quartz is most common in carbonate sediments. The possibility of quartz precipitation during an early stage of porcellanite diagenesis or epigenesis of organisms is also suggested by von Rad (1979) .
In Site 464 brown clay, authigenic quartz with small amounts of cristobalite is common, whereas cherts are essentially cristobalite. Evidence supporting the diagenetic formation of Albian-Cenomanian cherts agrees with studies by Kastner et al. (1977) , Riech and von Rad (1979) , and von Rad (1979) .
On the other hand, the occurrence of authigenic quartz in deep-sea sediments, particularly in siliceous ooze and manganese-crust-bearing volcanic sedimentary deposits, has already been described (Karpoff, 1977; Hoffert et al., 1978) . Therefore, authigenic microcrystalline quartz in the clayey nodule from Unit IA appears to have formed along with the concretion of iron smectite in siliceous pelagic deposits under a slight volcanic influence; this is seen to be a stage of silica evolution in this marine environment.
However, in brown clay from Site 464 quartz-concretion crystallization and epigenesis are due to diagenetic processes similar to those of chert formation. It results from dissolution of biogenic silica and is strongly affected by clay-and oxyhydroxide-rich environments. Quartz-concretion authigenesis cannot be considered the result of restricted and local phenomena because of their abundance. They are an essential stage of brown or red clay evolution through time. Thus, differences between the two siliceous phases, concretions and cherts, from Site 464-such as their age, the deposition depths, and the carbonate, clay, and Fe-Mn-oxide contentshave controlled the diagenetic evolution of silica. The importance of these factors in chert formation has already been mentioned by Lancelot (1973) , Keene (1975) , and Kastner et al. (1977) .
CONCLUSIONS
The lithologic sequence at Site 464 appears to be a result of interaction of three connected evolutionary factors:
1) The biogenic components, as calcareous nannofossils and siliceous organisms, form the upper deposits, and their dissolution and a slight volcanic influence promote the authigenesis of clays, zeolites, and barite.
2) The clay assemblages, as detrital clays and authigenic smectites, vary with the sequence. From the dissolution of siliceous organisms, the smectites are distinct ringlet-shaped particles, or laths, in the upper siliceous ooze and clay and in the brown clays, respectively. Under a volcanic influence, authigenic Fe-smectites are formed which are chemically distinct from those of the soft host pelagic sediments. Authigenic palygorskite occurs on brown clay characterized by a hypersiliceous environment.
3) The silica cycle and evolution induce the authigenic formation of microcrystalline quartz associated with clayey nodules in the siliceous ooze. In the brown clay, the quartz-rich concretions and aggregates appear to be derived from the same diagenetic process as the chert, but probably influenced by a previous calcareous environment.
These factors have conditioned the mineralogical and chemical characteristics of the brown clay. Therefore, the lower part of this unit, of Cretaceous age (Doyle and Riedel, this volume), and the Paleocene upper part, appear to be similar to the "red clay" facies, formed respectively from calcareous biogenic ooze and from siliceous biogenic ooze, as described by Hoffert (1980) .
The intermittent volcanic influence during deposition of the Site 464 sediments was more marked during the Paleocene-Eocene and Miocene-Pliocene, and is in accordance with that suggested by the studies of sediments from Sites 310 and 433.
Nevertheless, the marine environment-location, depth of deposition, geologic history, and hiatuses-induces varying lithologic sequences in these sites, correspondingly more calcareous pelagic deposits at Hess Rise (Site 310), and more volcanogenic sediments on the Emperor Seamounts (Sites 430, 433), compared to the pelagic sediments at Site 464.
•-Plate 1. SEM photomicrographs of the bulk sediment (Figs. 1 to 4) and TEM photomicrographs of the clay fraction (Figs. 5 and 6) of the brown clay from the top of Unit II, Sample 464-7-5, 80-82 cm. 
